Wang L, Jacobs JP, Lagishetty V, Yuan PQ, Wu SV, Million M, Reeve JR Jr, Pisegna JR, Taché Y. High-protein diet improves sensitivity to cholecystokinin and shifts the cecal microbiome without altering brain inflammation in diet-induced obesity in rats. Am J Physiol Regul Integr Comp Physiol 313: R473-R486, 2017. First published July 19, 2017 doi:10.1152/ajpregu.00105.2017.-Highprotein diet (HPD) curtails obesity and/or fat mass, but it is unknown whether it reverses neuroinflammation or alters glucose levels, CCK sensitivity, and gut microbiome in rats fed a Western diet (WD)-induced obesity (DIO). Male rats fed a WD (high fat and sugar) for 12 wk were switched to a HPD for 6 wk. Body composition, food intake, meal pattern, sensitivity to intraperitoneal CCK-8S, blood glucose, brain signaling, and cecal microbiota were assessed. When compared with a normal diet, WD increased body weight (9.3%) and fat mass (73.4%). CCK-8S (1.8 or 5.2 nmol/kg) did not alter food intake and meal pattern in DIO rats. Switching to a HPD for 6 wk reduced fat mass (15.7%) with a nonsignificantly reduced body weight gain, normalized blood glucose, and decreased feeding after CCK-8S. DIO rats on the WD or switched to a HPD showed comparable microbial diversity. However, in HPD versus WD rats, there was enrichment of 114 operational taxonomic units (OTUs) and depletion of 188 OTUs. Of those, Akkermansia muciniphila (enriched on a HPD), an unclassified Clostridiales, a member of the RF39 order, and a Phascolarctobacterium were significantly associated with fat mass. The WD increased cytokine expression in the hypothalamus and dorsal medulla that was unchanged by switching to HPD. These data indicate that HPD reduces body fat and restores glucose homeostasis and CCK sensitivity, while not modifying brain inflammation. In addition, expansion of cecal Akkermansia muciniphila correlated to fat mass loss may represent a potential peripheral mechanism of HPD beneficial effects. body composition; blood glucose; gut microbiota; high-fat diet; meal pattern CLINICAL STUDIES in obese subjects indicate that a high-protein diet (HPD) is effective in promoting fat mass loss while maintaining muscle mass compared with low-carbohydrate, low-fat diets (18, 30, 42) . However, there is inconsistency in the literature about the long-term effect of a high-protein diet on weight loss and cardiovascular and metabolic risk (49). In
experimental animals, a diet composed of high fat and high sugar is considered to represent a Western-style diet (WD) and induces obesity (DIO) in rodents closely resembling the polygenic nature and pathological features of human obesity (24) . We recently reported that rats fed a WD and then switched to a high-protein diet for 2 wk had reduced body weight and fat mass with preserved lean body mass (53) . This was associated with an improved glucose tolerance compared with the DIO rats switched to a normal diet (53) .
High-fat diet (HFD)-induced obesity (DIO) in rodents has been extensively used to gain insight into the pathophysiological processes of obesity and to develop polymechanistic therapeutic antiobesity strategies targeting these mechanisms (24) . Rodents on a HFD have been shown to have decreased sensitivity to the vagally mediated satiety action of peripheral CCK (16, 17) . Moreover, the composition of the gut microbiome shifts with obesity, including in DIO rodents (60) and obese humans (32, 61) . Recent studies showed that changes in the composition of gut microbiota, particularly Akkermansia, influence metabolic inflammation and metabolism in rodents (45, 76) .
A HFD also induces alterations in the brain. In particular, neuroinflammation occurs in the hypothalamus of DIO rodents, as shown by the increased expression of cytokines and other inflammatory mediators that impact metabolic function (64) . The hypothalamus and dorsal medulla are both involved in regulating energy intake, digestion, and metabolism (46, 70) and display altered levels of metabolic regulatory hormones, neuropeptides, and receptors under obese conditions (46) . There is evidence that HPD activates satiety-related signaling in normal rodents (20, 27) , but it is unknown whether chronic HPD reverses alterations that have taken place in the brain of DIO rats. Such knowledge may provide insight into potential mechanisms contributing to the reported beneficial effects of a HPD in clinical and experimental settings.
In the present study, we assessed the effects of switching DIO rats to a HPD for 6 wk instead of 2 wk as in our previous studies to investigate metabolic, microbial, brain, and inflammatory factors potentially contributing to the loss of fat mass with preservation of lean mass on a HPD (53) . We first established the influence of a HPD on body weight, visceral vs. brown fat, food intake, and blood glucose. We then examined whether peripheral changes induced by HPD were associated with the normalization of DIO-induced alterations of peripheral and brain mechanisms regulating these functions. Namely, we investigated the sensitivity to peripheral CCK-induced satiety (16, 17) of DIO rats switched to a HPD compared with rats maintained on WD. This was assessed by monitoring changes in meal structures with an automated rat feeding monitoring system (22) . We also examined alterations in the cecal microbiota using high-throughput 16S ribosomal RNA taxonomic profiling in rats maintained on WD or switched to the HPD compared with ND. We focused on the cecum as the fermentation occurs mainly in the hindgut, and previous animal studies investigating diet-induced alterations of gut microbiota identified changes in the cecal microbiome (34, 47) . Lastly, we assessed the effects of WD on gene expression of regulatory metabolic signals and inflammatory markers in the hypothalamus and dorsal medulla and whether switching to a HPD influenced these changes.
METHODS
Animals. Adult male Sprague-Dawley rats (Harlan Laboratories, San Diego, CA) weighing 200 -225 g were housed two per cage under controlled conditions of temperature (22 Ϯ 2°C) and lighting (from 6:00 AM to 6:00 PM). Rats had access ad libitum to rodent diets and tap water. Animal care and experimental procedures followed institutional ethical guidelines and the requirements of the federal authority for animal research conduct. All experiments were approved by the Animal Research Committee at Veterans Affairs Greater Los Angeles Healthcare System (protocol number 11047-09).
Diets and feeding protocols. The following diets (Research Diets, New Brunswick, NJ) were used and had similar composition as in our previous report (53) : WD [4.7 kcal/g, 20% from protein, 45% from fat (lard 39%, soy bean oil 6%), and 35% from carbohydrates (50% from sucrose)] and HPD [3.8 kcal/g, 52% from protein (casein), 9% from fat, and 39% from carbohydrates]. Diets were stored at 4°C until used. Rats were fed the WD for 10 -12 wk, and then half of them were switched to the HPD, and the other half remained on the WD for 6 wk. Control rats were fed a normal diet (ND) (3.0 kcal/g, 15% from protein, 9% from fat, and 76% from carbohydrates; Prolab RMH 2500 LabDiet, PMI Nutritional, Brentwood, MO). Experiments were performed on two cohorts (58 rats in total): 17 on the ND and 41 on the WD, of those on WD, 25 were switched later to the HPD. DIO in rats on the WD was defined as having a greater than 50% increase in body fat mass compared with the mean fat mass of rats on the ND. Eight DIO and eight ND rats from the first cohort were used for the meal pattern measurement after 10 wk on the WD (Fig. 1A) . The second cohort of rats on the WD (18 out of 21 gained Ͼ50% of fat mass compared with rats on ND) was monitored weekly for body weight and composition before and after switching from the WD to HPD. They were euthanized 6 wk later to assess visceral fat mass, cecal microbiome, and brain inflammatory and homeostatic signals (Fig. 1B) .
Body weight and composition measurements. Body weight and composition were assessed in rats fed ND and WD before and weekly after switching from the WD to HPD or maintained on the same diet (ND or WD) for 6 wk (Fig. 1B) . Body composition was measured using a rodent MRI body composition analyzer (EchoMRI 700, EchoMedical Systems, Houston, TX), as previously described (53) . Body weight and changes in fat and lean mass were calculated relative to values before the dietary switch.
Feeding monitoring and meal pattern analysis. The microstructure analysis of feeding behavior was conducted using the rat BioDAQ episodic food intake monitor (BioDAQ, Research Diets, New Brunswick, NJ), as detailed in our previous rat studies (22) . DIO rats were placed in the BioDAQ system after 10 wk on the WD, and agematched rats fed the ND were placed in the BioDAQ system as controls (Fig. 1A) . DIO and control animals were acclimated for 2 wk to single housing in a cage containing an enrichment device (red polycarbonate tube) and to learn how to access the food from a front feeding hopper. Then basal 24-h food intake and meal pattern of WD rats were assessed, as well as at 6 wk after switching to the HPD (Fig.  1A) . Water was provided ad libitum from a regular water bottle. Food intake and feeding behavior were monitored continuously second by second by the BioDAQ system, which weighs (Ϯ0.01 g) the hopper containing the food and algorithmically detects "not eating" as weight stable and "eating" as weight unstable. Feeding bouts (changes in stable weight before and after a bout) are recorded with a start time, duration, and amount consumed. Meals consisted of one or more bouts separated by an intermeal interval. The intermeal interval and minimum meal amount are user-definable. We defined the intermeal interval of 15 min and minimum meal amount of 0.1 g (22) . Thus, food intake was considered as one meal when the feeding bouts 12 occurred within 15 min of the previous feeding, and their sum was equal to or greater than 0.1 g. Bouts of feeding longer than 15 min apart were considered a new meal. Meal structures included the number of meals (meal frequency), meal size, meal duration, intermeal interval (time difference between the end of one meal and the initiation of the next meal), and total time spent eating. These parameters were calculated by the software provided by the manufacturer (BioDAQ Monitoring Software 2.3.02). The satiety ratio was determined as the intermeal interval divided by the meal size. Since rats are nocturnal animals, food intake and meal structures were analyzed separately in dark and light phases in addition to daily feeding measurements.
Water intake. Water intake was measured manually every day in groups maintained on a WD or switched to a HPD for 2-3 wk and then weekly until the end of the 6-wk period. Total water intake was calculated by subtracting the weights of the bottle before and after a 24-h period and divided by days when assessed weekly.
Blood glucose levels. Because rodents are nocturnal animals, the blood glucose was assessed 1-2 h before the dark phase in rats on WD switched to HPD for 6 wk compared with rats maintained on WD or ND. Blood was obtained by a tail prick, and blood glucose was determined using One-Touch Ultra glucometer and standard glucose test strips (LifeScan, Milpitas, CA).
CCK-8S test. Experiments were performed in DIO rats acclimated to the feeding monitoring system (BioDAQ). CCK-8S treatment by a crossover design with a 5-day-interval was started 2 wk after the rats were placed individually in the BioDAQ cages. The same rats were switched to the HPD for 6 wk and then tested again for the CCK-8S effect (Fig. 1A) . The assessment of food intake and meal structures was performed during the first hour of the dark phase with the feeding hopper gates being closed for 90 min before the dark phase to synchronize feeding in rats. Sterile saline or CCK-8S (sulfated form; Sigma-Aldrich, St. Louis, MO) at 1.8 and 5.2 nmol/kg (~2 and 6 g/kg, dissolved in sterile saline) was injected intraperitoneally (1 ml/kg ip) just before the dark phase that is associated with nocturnal eating. The regimen of CCK-8 administration was based on our previous study on CCK influence on feeding, in which rats were placed under the same monitoring conditions (22) .
Tissue and cecal content collection. Groups of rats of the same age on ND, WD, or WD switched to HPD for 6 wk (Fig. 1B) , were euthanized by isoflurane overdose followed by thoracotomy between 1 and 3 h before the dark phase. We selected this time period before the dark phase to reflect "basal" conditions before nocturnal eating and took into account that some rats start eating a couple of hours before the light is turned off. The mesenteric, epididymal, and interscapular brown adipose tissues were removed and weighed. The cecal content, dorsal medulla, and hypothalamus were collected from the second cohort of rats fed the ND for 18 wk or the WD for 12 wk then switched to the HPD or kept on the WD 6 wk (Fig. 1B) , immediately frozen on dry ice and stored in a deep freezer at Ϫ80°C until RNA isolation. The dissection of the hypothalamus and dorsal medulla was performed by placing the brain in a cryostat at Ϫ18°C for 20 -30 min, and then, the hypothalamus was trimmed using the following landmarks and coordinates from Paxinos and Watson's brain atlas (43) : coronally, the middle of the optical chiasm and posterior the median eminence (approximately from Ϫ0.5 to Ϫ3.6 mm from the bregma), sagittally, left and right side lateral to the optic tract (~2.5 mm from the midline), and dorsally: the anterior commissure. The dorsal medulla was dissected out by cuttings at~1 mm rostral and 1 mm caudal to the area postrema (approximately from Ϫ13.5 to Ϫ15 mm from the bregma), and~2 mm ventral to the bottom of the 4th ventricle, and 2 mm lateral on each side.
16S ribosomal RNA sequencing. Genomic DNA was extracted from cecal content using the Powersoil kit, as per the manufacturer's instructions (MO BIO, Carlsbad, CA). The V4 region of 16S ribo- CCL2, C-C motif chemokine ligand 2; CRF, corticotropin-releasing factor; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GHS-R1a, growth hormone secretagogue receptor 1a; GLP-1, glucagon-like peptide receptor 1; IL, interleukin; IRa, insulin receptor A; LepR, leptin receptor; mTOR, mammalian target of rapamycin; POMC, proopiomelanocortin; TGF-␤, transforming growth factor-␤; TNF-␣: tumor necrosis factor-␣.
somal RNA genes was amplified and underwent paired end sequencing on an Illumina MiSeq using the 2 ϫ 150 bp v2 kit, as previously described (58) . The 253 base pair reads were processed using QIIME v1.9.1 with default parameters (4). Sequence depth ranged from 45,741 to 125,159 sequences per sample. Operational taxonomic units (OTUs) were picked against the May 2013 version of the Greengenes database, prefiltered at 97% identity. OTUs were removed if they were present in less than three samples. ␣-Diversity (i.e., bacterial diversity within a sample) and ␤-diversity (differences in composition across samples) were calculated in QIIME version 1.9.1 using OTU-level data rarefied to 45,704 sequences. ␣-Diversity metrics included Faith's phylogenetic diversity metric, Chao1, and Shannon index. The significance of differences in ␣-diversity was calculated using the Mann-Whitney U-test. ␤-Diversity was calculated using unweighted UniFrac and was visualized by principal coordinate analysis. Adonis, a permutational ANOVA, was performed using 100,000 permutations to test for differences in ␤-diversity across the dietary groups (2). The metagenomic content of samples was inferred from 16S sequence data using PICRUSt 1.0 and the KEGG database, which includes 6,909 metagenes grouped into 214 metagenomic pathways (29) .
Quantitative real-time PCR. The hypothalamus and dorsal medulla samples were homogenized, and total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA) following the manufacturer's recommended protocol. First-strand oligo-dT primed cDNA was synthesized from total RNA of each sample using the ThermoScript RT-PCR system (Invitrogen). The transcripts of inflammatory factors, neurotransmitters, and receptors were determined in duplicates using Table 1 lists the selected forward and reverse primers. The house-keeping gene, rat GAPDH was also analyzed as an internal control. Thermal conditions were as follows: 95°C for 4 min followed by 40 cycles of 95°C for 10 s, 57°C for 10 s; and 72°C for 20 s with a final extension cycle of 10 min at 72°C. The specificity of the amplification reaction was determined by performing a melting curve analysis of the PCR fragments. Data were quantified using the comparative cycle threshold (Ct) method. For each sample, Ct was normalized to GAPDH, and a final value of 2
Ϫ⌬⌬Ct was adjusted so that the control had a mean relative mRNA level of 1, as previously described (73) .
Statistical analysis. Data were analyzed by one-way ANOVA followed by Tukey post hoc tests. Body and fat weight changes in HPD and WD groups were analyzed by repeated measurement of one-way ANOVA. Data are expressed as means Ϯ SE. P Ͻ 0.05 was considered significant. Association of microbial genera, OTUs, and predicted metagenes with dietary groups was evaluated using DESeq2 in R, which employs an empirical Bayesian approach to shrink dispersion and fit nonrarified count data to a negative binomial model (35) . Unrarefied 16S rRNA count data were fitted to multivariate models with dietary group as a predictor. P values for differential abundance were converted to q values to correct for multiple hypothesis testing (Ͻ0.05 for significance) (54) . DESeq2 models were also run with fat mass as a covariate in addition to dietary group to identify taxa associated with fat loss. Selected metagenes associated with the HPD were further analyzed with FishTaco (36) . This method uses a permutation approach and Shapley value analysis to quantitate the contribution of individual taxa to shifts in metagene abundance between two clusters.
RESULTS

Western-style diet induces larger body fat mass than body weight gain and switching to HPD reduces fat mass.
Rats on the WD for 18 wk had a significant 85.4% higher body fat mass and 12% higher body weight than rats on the ND, while the lean mass and body water content were not significantly modified (Fig. 2, A-D HPD for 6 wk had 28.6% less body fat mass than those remaining on the WD, and 15.7% less than their own body fat before HPD switching ( Fig. 2B , P Ͻ 0.05). The body weight was still significantly higher than that of rats on the ND and did not reach statistical significance from the WD group ( Fig. 2A ).
The differences in fat mass and body weight between the WD and WD-HPD groups were 20.8 g (P Ͻ 0.05) and 20.4 g (P Ͼ 0.05), respectively, while lean mass and water content were unchanged (Fig. 2, A-D) , indicating that the weight loss was mainly related to the decrease in fat mass. The fat mass loss induced by HPD reached its nadir at 4 wk after the dietary switch and remained at similar values in the subsequent 2 wk (Fig. 2F) . However, the body weight was significantly inhibited only 1 wk after the dietary switch, and thereafter, the HPD rats gained weight at a parallel rate as WD rats (Fig. 2E ). The lean mass was increased similarly in both WD and HPD groups (Fig. 2, G and H) . The epididymal adipose tissue weight in DIO rats was significantly increased compared with ND group (8.7 Ϯ 0.6 vs. 4.5 Ϯ 0.2 g, respectively) and decreased to 6.8 Ϯ 0.3 g in rats switched to the HPD (P Ͻ 0.05 vs. DIO), and values were still significantly higher than those of ND (Fig. 3A) . A similar increase was found in the mesenteric adipose tissue in WD and WD-HPD groups compared with ND (4.7 Ϯ 0.5 and 3.3 Ϯ 0.4 g, respectively vs. 2.1 Ϯ 0.2, P Ͻ 0.05, Fig. 3B ). By contrast, the weights of brown adipose tissue did not differ among the three dietary groups (Fig. 3C) .
HPD modifies WD-altered meal pattern and water intake in DIO rats. After rats were switched from the WD to a HPD, daily caloric intake was only reduced on the first day and then equalized between the two groups (data not shown). Rats on the ND or maintained on WD for 18 wk, and rats on WD for 12 wk and then 6 wk on HPD ingested similar calories per day (62.5 Ϯ 2.5, 60.3 Ϯ 4.2, and 60.1 Ϯ 1.4 kcal, respectively, Table 2 ). WD significantly increased the average meal size, but reduced the bouts, meal frequency, and time spent on meals, while the meal rate, meal duration and intermeal interval were not modified compared with ND, as monitored during a 24-h period. Separate analysis during the dark and light phases showed a similar meal pattern, except that there was an increase in meal rate and a prolonged intermeal interval in the dark phase in the WD group. The satiety ratios over 24 h and during the dark phase did not differ among the three diet groups. The light-phase intermeal interval and satiety ratio cannot be calculated during the daytime due to the near absence of meal (0 -1 meal). Switching to the HPD for 6 wk reversed the WD-induced increased meal size and the rate of each meal, and decreased bouts and total time spent on meals. HPD also increased meal duration during 24 h, but did not alter the WD-induced increase in calories per meal during the light phase (Table 2) .
Water intake was significantly lower in rats on the WD than the ND (16.3 Ϯ 1.7 vs. 25.5 Ϯ 1.1 ml/day, P Ͻ 0.05), whereas those switched to the HPD drank a similar amount as rats on the ND (26.1 Ϯ 1.1 ml/day, means of 7 days at the 6th week after switching to HPD).
HPD improves sensitivity to intraperitoneal CCK-8S. In DIO rats remaining on the WD, reduction in food intake and alterations in meal pattern after intraperitoneal injection of CCK-8S (1.8 and 5.2 nmol/kg) did not reach significance when analyzed either for the first hour of dark phase (data not shown) or the first meal (Fig. 4, A and B) postinjection. In DIO rats switched to the HPD, CCK-8S at both doses, compared with intraperitoneal saline, decreased the 1-h dark-phase food intake Fig. 4D ). Of note, intraperitoneally salineinjected rats on the WD took significantly longer on average to start the first meal (30.4 Ϯ 11.3 min) compared with those switched to the HPD (1.8 Ϯ 1.3 min, P Ͻ 0.05; Fig. 4, B and D) .
HPD normalized blood glucose levels. The blood glucose levels before the dark phase were 94.8 Ϯ 2.8 mg/dl in rats on the ND. DIO rats remaining on the WD had elevated blood glucose levels (110.9 Ϯ 2.4 mg/dl; P Ͻ 0.05 vs. ND), whereas DIO rats switched to the HPD had blood glucose levels (98.1 Ϯ 3.1 mg/dl) similar to those of ND controls (Fig. 5) .
Gut microbiome shifted by WD and HPD. The cecal microbiome of DIO rats, irrespective of whether they remained on the WD or were switched to the HPD, had increased ␣-diversity compared with ND rats using measures of richness (Chao1), phylogenetic diversity (Faith's), and evenness (Shannon index) (Fig. 6A) . There was no significant difference in ␣-diversity between the WD and HPD groups. ␤-Diversity analysis using unweighted UniFrac demonstrated that each dietary group had distinct cecal microbiota, with P Ͻ 10 Ϫ5 by Adonis (Fig. 6B) . The ND cecal microbiome was characterized by dominance of Lactobacillus, whereas the WD cecal microbiome was characterized by blooms of a number of other taxonomic groups, including unclassified members of the Clostridiaceae and Ruminococcaceae families and the RF39 order (Fig. 6C) . DIO rats switched to the HPD showed expansion of Akkermansia, Ruminococcus, and Bacteroides. Differential abundance testing was performed using DESeq2 to identify specific microbes, defined as operational taxonomic units (OTUs) that were associated with either the WD or WD switched to the HPD. The HPD group had increased abundance of 114 OTUs and decreased abundance of 188 OTUs at a significance threshold of q Ͻ 0.05 (Fig. 6D ). Of these, five OTUs were found to have a statistically significant association with fat mass after adjustment for the effect of dietary group in multivariate models. Two OTUs enriched on the HPDAkkermansia muciniphila (q ϭ 0.008) and an unclassified Clostridiales (q ϭ 0.04)-were associated with decreased fat mass, while two OTUs that were depleted on the HPD-an unclassified RF39 (q ϭ 0.0001) and a Phascolarctobacterium (q ϭ 0.02)-were associated with increased fat mass. We investigated whether the differences in cecal microbiota characterizing each dietary group were associated with distinct functional profiles of the microbiome. The metagenome was predicted from the 16S rRNA sequence data using PICRUSt, which employs gene content imputation from the phylogenetically closest reference genomes for each OTU. Differential abundance testing between the WD and HPD groups revealed 56 differentially abundant metagenomic pathways with q Ͻ 0.05 (Fig. 7A) . Of the top eight most enriched pathways on the HPD, five were categorized in the KEGG database within "glycan metabolism." The individual taxa that made the greatest contribution to the association of HPD with these glycanrelated KEGG pathways were identified using FishTaco. This analysis highlighted that Akkermansia muciniphila was the largest contributor to shifts in three of the five glycan metabolism pathways and that the unclassified RF39, through its inverse correlation with microbes expressing these metagenomics pathways, contributed to the observed shifts of all five pathways (Fig. 7B) .
HPD had a limited effect on WD-altered gene expression of cytokines and neuronal signals in the hypothalamus and dorsal medulla.
Rats remaining on the WD compared with rats on the ND had a significantly increased hypothalamic gene expression of TNF-␣ and transforming growth factor-␤ (TGF-␤) with a trend for C-C motif chemokine ligand 2 (CCL2) and IL-10 ( Fig. 8) , while IL-6 was unchanged (data not shown). The WD rats switched to the HPD also showed a similar increased expression of TNF-␣ and TGF-␤ and displayed a significant higher expression of CCL2 and IL-10 ( Fig. 8) with no change in IL-6 (not shown) compared with ND. WD and WD switched to a HPD induced a similar significant decrease in the expression of mammalian target of rapamycin (mTOR, Fig. 8 ). Corticotropin-releasing factor (CRF) mRNA level was significantly reduced in rats switched to the HPD compared with those on the ND, while there was a trend in the WD group (Fig. 8 ). There were no changes in the hypothalamic expression of metabolic hormone receptors, namely growth hormone secretagogue receptor 1a (ghrelin receptor), leptin receptor, CCK receptor 1, and insulin receptor A and B (data not shown).
In the dorsal medulla, the WD and the WD switched to a HPD groups showed a significant similar increase in mRNA levels of CCL2, IL-10, TGF-␤, leptin receptor, insulin receptor A, and glucagon-like peptide receptor 1 (GLP-1R) compared with ND (Fig. 9) . The WD induced a significant increase in proopiomelanocortin (POMC) mRNA levels in the medulla that was no longer observed in HPD group (Fig. 9) . TNF-␣ and CCK receptor 1 were not significantly changed by the WD and WD-HPD (Fig. 9 and data not shown) .
DISCUSSION
This study demonstrates that a prolonged HPD feeding induces a more prominent reduction in percentage of body fat mass than body weight in DIO rats. HPD improves the satiety effect of peripheral CCK and normalizes water intake and basal blood glucose levels. HPD shifts the cecal microbiota with the enrichment of some taxa, in particular, Akkermansia muciniphila, being correlated with the reduction in fat mass, consistent with this strain being beneficial for reducing fat mass gain induced by HFD (19, 45) . However, the HPD does not significantly modify the brain inflammatory response occurring in the hypothalamus and that we demonstrated to be present also in the dorsal medulla of rats on WD.
Body composition, meal structure, and water intake. We previously reported that DIO rats switched to the same HPD as used in the present study for 2 wk had a significant reduction of fat mass compared with those switching to a normal diet (53) . The present study extends these observations by showing a 28.6% less body fat mass gain in rats switched to HPD for 6 wk, while body weight, lean mass, and brown fat were not significantly changed compared with rats remaining on the WD.
An important feature of our model was the equivalent caloric intake by rats fed on each of the three diets. We observed only a transient 31% reduction of food intake during the first 1-2 days following the switch to HPD, consistent with our previous findings under the same conditions (53) . This could be related to the HPD being initially perceived as less palatable than the WD (37) . It is noteworthy that in choice preference experiments, rats select casein-containing diets over other proteins (51) . The HPD used contained 52% protein as casein, supporting the acceptability of the HPD, as also shown by the absence of a difference in caloric intake compared with WD and ND rats during the 6-wk experimental period. These data indicate that HPD can reduce body fat under isocaloric conditions. Clinical studies in obese subjects have shown improved body composition induced by the HPD characterized by greater reduction in body fat without losing lean mass (6, 18, 42) . This supports the face validity of this HPD model that contained 50% calories from protein, a percentage within the same range used in human HPD (66) . Of note, the fat loss induced by HPD in our model is not caused by caloric restriction and may be related to increased energy expenditure as HPD increases oxygen consumption, thermogenesis, and postprandial ATP utilization (15, 66) . In addition, the HPD induced satiation by reducing the size and rate of meals to levels of ND, while the WD increased them. Eating quickly has been shown associated with excess weight (40) . Our data support that reduced meal size and rate may be relevant interventions for body weight management.
In the present study, we additionally measured water intake and found that rats on a WD drink about one-third less water than those on a normal diet. Importantly, switching to the HPD completely restored the daily amount of water taken. Other studies in mice fed high-protein diets containing different concentrations of proteins showed a positive correlation between water and nitrogen intake (44) . However, whether this dietary component solely contributes to the normalization of water intake in HPD group remains to be established. A: three measures of ␣ diversity are shown for the three dietary groups. P values were calculated using the Mann Whitney U-test. ***P Ͻ 0.0001. B: principal coordinates analysis plot colored by dietary group. C: mean taxonomic composition of the three dietary groups is shown at the phylum and genus level. The colors representing the most abundant taxa are shown to the right. D: operational taxonomic units (OTUs) with differential abundance in the HPD group compared with the WD group in DESeq2 models (q Ͻ 0.05) are shown, arranged by genus or higher taxonomic level (f ϭ family, o ϭ order) for OTUs that could not be classified at the genus level. Five OTUs that were associated with change in fat mass in multivariate DESeq2 models are colored based on the direction of the association. Circle size represents the significance of the association.
Blood glucose levels. It is well known that the blood glucose levels are elevated in obese subjects (31) and in experimental animals on long-term HFD (5). Little information is available about the effect of HPD on obesity-associated hyperglycemia.
In this study, we demonstrated that switching to a HPD for 6 wk normalized to control levels the increased basal blood glucose levels in rats maintained on WD. These data expand our previous findings showing that rats on the same HPD for 2 wk had an improved glucose tolerance test (53) . We also previously found that switching to normal chow for 2 wk after a WD had less of an effect than switching to HPD to reduce body fat and did not improve blood glucose levels increased by WD (53) . The maintenance of glucose homeostasis induced by chronic intake of HPD after DIO may involve actions linked Fig. 7 . HPD for 6 wk after a WD for 12 wk increased the predicted abundance of metagenomic pathways involved in glycan metabolism. A: fold change in predicted abundance between the HPD and WD groups of 56 metagenomics pathways with q Ͻ 0.05 in DESeq2 models. The five differential metagenomic pathways categorized in KEGG as related to glycan metabolism are colored in blue. B: contribution of individual taxa to the significance of the five enriched metagenomics pathways related to glycan metabolism was evaluated using FishTaco. The positive and negative effects of taxa on significance are shown separately for taxa that are more abundant in the HPD group (upper bar) and those more abundant in the WD group (lower bar). Taxa could influence significance either by carrying genes in the selected pathway or by being correlated with other taxa carrying the gene. "Other" refers to the total effect of all other taxa not specifically depicted in the graphs.
with reduction of adipose tissues, hepatic gluconeogenesis, and/or glucose metabolism (15, 66) .
CCK sensitivity. In this study, DIO rats injected peripherally with CCK-8S had no significant changes in food intake and meal pattern compared with vehicle, as monitored during the first 1 h postinjection in the dark phase. We previously reported that CCK-8S injected intraperitoneally at the same doses and experimental conditions in rats on a ND reduced food intake, meal size and duration, and the latency to the first meal (22) . These data are consistent with previous reports that CCK sensitivity is decreased in obese rodents, as assessed by the attenuated CCK effect on food intake and gastric emptying (17, 39, 56) . Switching DIO rats to the HPD restored the sensitivity to intraperitoneal CCK-8, including the reduction of food intake and meal size and prolonged latency to the first meal. A previous report indicates that the decreased sensitivity to CCK can also be reversed by switching rats on a HFD for 9 wk to a low-fat diet (56) , and this rescue occurred under conditions of similar body weight gain (although body adiposity was not directly assessed) (8) . There is also evidence that the HFDinduced decreased sensitivity to CCK satiety signaling may be attributed to HFD's already high circulating levels of CCK, which may result in CCK desensitization, as suggested by the downregulation of CCK-R1 receptors in the nodose ganglia and reduced CCK-related vagal afferent activation (17, 55) . Response to CCK treatment was reduced in the neurons from the nodose ganglia and in the jejunum afferents of obese mice on a HFD for 8 -10 wk (9). These data support that the reduction of fat intake associated with the HPD is an important contributing factor to increased CCK sensitivity. In addition, the HPD may have curtailed leptin resistance occurring under DIO conditions (13) by reducing visceral fat mass and, thereby, restoring the CCK-leptin synergistic interaction on vagal afferents driving the satiety signal (3). However, our data cannot answer whether it is the change in dietary composition per se or fat loss that is most relevant for improved CCK sensitivity on a HPD. Thus, the relative importance of changes in dietary fat composition and adiposity to restore CCK sensitivity induced by a HPD will need to be further dissected.
The gut microbiome of DIO is shifted by a HPD. Recent data suggest that the intestinal microbiome can mediate the response to antiobesity interventions, such as bariatric surgery and diet (19, 52) . We demonstrated that the HPD induces changes in the cecal microbiome, including increased Akkermansia muciniphila in rats with DIO. This is consistent with the literature demonstrating that dietary shifts can induce rapid changes in microbial composition and that diet is associated with long-term microbial community structure (1) . In particular, animal protein intake greatly influences the microbiome after as little as 1 day of consumption (10, 72) . Akkermansia is of particular interest, as the literature suggests that it may mediate the response to antiobesity interventions. This genus has been shown to be depleted in obese mice and humans but enriched after gastric bypass surgery (19, 33, 75) . Metformin, a diabetes medication associated with weight loss, has also been shown to induce Akkermansia muciniphila (50) . Coloni- zation of germ-free mice with the microbiome of mice following gastric bypass surgery reduced adiposity compared with recipients of sham-operated mice, associated with increased Akkermansia (33) . Convergent studies have demonstrated that treatment of DIO mice (induced by either a high-fat diet or WD) with daily gavage of live, but not heat-killed, Akkermansia muciniphila reduced adipose tissue deposits and hyperglycemia in mice (19, 41) . In the present study, the induction of Akkermansia may underlie the fat loss induced by the HPD, as suggested by the significant inverse association of Akkermansia muciniphila with body fat mass in multivariate models adjusting for dietary group. Little is known about the mechanisms through which Akkermansia mediates its apparent association with improved metabolic parameters, but intriguingly, we found that it accounted for large predicted shifts in glycan metabolism in the cecal microbiome. These shifts may have the net effect of fortifying the intestinal mucus barrier, as it has been previously reported that treatment with Akkermansia muciniphila reversed thinning of the colonic mucus barrier induced by a high-fat diet (19) . Likewise, a recent study also showed that a specific protein isolated from the outer membrane of Akkermansia muciniphila interacts with Toll-like receptor 2 to improve the gut barrier and partly recapitulate the beneficial effects of the bacterium on fat mass development and insulin resistance in DIO mice (45) . Interestingly, an unclassified member of RF39 was associated with increased fat mass. The RF39 order falls within the Mollicutes class, which is dramatically increased in mice on the WD, and may represent a novel phylogenetic entity of interest for understanding the pathophysiology of obesity related to the WD (41). A potential mechanism by which microbes might contribute to fat gain on a WD, even though caloric intake was equivalent to that of the ND and HPD groups, is increased energy extraction from ingested food, as previously reported for the obesity-associated microbiome of mice (61) .
Altered expression of inflammatory and neurohormonal signals in DIO rats. The study presents three main novel findings related to brain inflammatory and neuronal signals in DIO rats: 1) inflammatory mediators are upregulated not only in the hypothalamus, but also in the dorsal medulla containing the dorsal vagal complex (NTS and dorsal motor nucleus of the vagus, DMV) (23) and area postrema by long-term WD feeding; 2) the expression of POMC and receptors for leptin, insulin, and GLP-1 is upregulated in the dorsal medulla, but not in the hypothalamus by the WD; and 3) switching DIO rats to the HPD for 6 wk has no significant effect on these hypothalamic and brain stem inflammatory changes, while in the hypothalamus, there is a significant increase in the expression of CCL2 and IL-10 and a decrease of CRF compared with rats on a ND.
We showed a significant increase of TNF-␣ and TGF-␤ in the hypothalamus of WD-fed rats. This is in line with the well-documented increased expression of cytokines in the hypothalamus in response to HFD and obesity (12, 59, 71) . Rodents fed a HFD display an increase in inflammatory cytokines (TNF-␣, IL-1, and IL-6) and mediators (Toll-like receptors, NF-B), along with activation of microglia in the hypothalamus (57, 59) . Recent studies in mice fed a HFD for several weeks demonstrated that microglia and astrocytes are involved in the processes of hypothalamic inflammation induced by HFD (57, 63) . Likewise, in humans, magnetic resonance imaging revealed gliosis in the brain of obese subjects (57) . With regard to TGF-␤, this cytokine has often been studied for its anti-inflammatory properties (68) . However, a recent report in mice showed, consistent with our findings, that HFD increased hypothalamic TGF-␤ expression, and that TGF-␤ activated the proinflammatory NF-B pathways playing a role, with other cytokines, in the inflammatory response induced by HFD at this site (74) . Whether inflammatory mediators are also induced in extrahypothalamic brain areas by HFD has so far been little investigated, in particular, in the dorsal medulla that encompasses key centers, such as the NTS together with the area postrema that integrate signals derived from nutrients and peripheral hormones (21, 48) . We showed, for the first time, a significant increase in the gene expression of TGF-␤ and the chemokine CCL2 in the dorsal medulla of rats fed a WD. On the basis of the proinflammatory action of TGF-␤ in the context of HFD (74) and the elevation of CCL2 known to be associated with inflammation and microgliosis (28) , these changes may reflect inflammatory response also taking place in the hindbrain. This is supported by a recent report that feeding rats a HFD for 3 wk induced microglia activation in the NTS and DMV, along with neuronal remodeling involving vagal input (65) . In addition, we also observed a significant increase in the anti-inflammatory cytokine IL-10 in the dorsal medulla of rats fed WD. It may be speculated that IL-10 plays a role in modulating the proinflammatory response (38) , as reflected by the nonsignificant change in TNF-␣ in the dorsal medulla, unlike in the hypothalamus, where this cytokine expression is elevated, while there is no change in IL-10. The present and previous observations point to the brain stem as another important site responding to HFD by altering cytokines/chemokine and activating microglia.
Of importance, switching rats from WD to a HPD diet for 6 wk did not influence the WD-induced proinflammatory mediator changes in both the dorsal medulla and hypothalamus, except for an increase in the hypothalamic anti-inflammatory cytokine IL-10. The present observation is significant in the context that the activation of inflammatory signaling pathways induced by HFD in the hypothalamus is known to play a role in the resistance to insulin and leptin and in the development of obesity (11, 67) . Taken together, the present findings suggest that the beneficial effects of a HPD to restore altered peripheral parameters evoked by WD are not related to the normalization of brain proinflammatory response, even under conditions of reduced fat mass.
Therefore, we next assessed whether neuropeptides or sensing signaling gene expression associated with changes in energy status in the hypothalamus and dorsal medulla are influenced by HPD. In the hypothalamus, mTOR is well established to regulate body weight, energy expenditure, and glucose/lipid homeostasis, and mTORC1 signaling is decreased by HFD (7, 26) . We showed that the WD downregulates the expression of hypothalamic mTOR; however, these changes were not modified by HPD. Likewise, in the hindbrain, mRNA levels of POMC and receptors for leptin, insulin, and GLP-1 that were upregulated in the dorsal medulla by HFD were unchanged after 6 wk of HPD. Therefore, switching to the HPD for 6 wk had little influence on these signals in the dorsal medulla altered by HFD. This contrasts with the beneficial effects on several peripheral parameters (glucose, CCK sensitivity, fat mass, and microbiota) pointing to an action of HPD occurring primarily at peripheral sites. The alterations of the gut microbiome represent an attractive candidate mechanism, which may, in turn, influence neurohormonal networks in the digestive tract that regulate metabolism, including increased sensitivity to CCK. Further understanding of the mechanistic link between the microbiome and the peripheral beneficial effects of the HPD may spur development of therapies for obesity that directly target the microbiome to complement dietary intake.
Perspectives and Significance
There is a paucity of experimental studies on the impact of HPD on central and peripheral alterations induced by chronic HFD (15, 66) . We show that switching rats from a WD to a HPD for over 6 wk restores glucose homeostasis and reduces body fat while maintaining lean mass. This is consistent with clinical studies (6) and provides a relevant experimental model to study underlying mechanisms. The HPD also restores sensitivity to intraperitoneal CCK, while exerting little effect on the WDaltered gene expression of proinflammatory mediators, neuropeptides, and receptors for gut hormones in the hypothalamus and/or dorsal medulla. These findings suggest that HPD-induced reduction of fat mass, restoration of glucose homeostasis, and CCK sensitivity primarily involve peripheral mechanisms. Of potential significance is the observed association between cecal Akkermansia muciniphila and an unclassified Clostridiales with loss of fat mass on a HPD. This is relevant in the context that Akkermansia muciniphila is one of the most abundant members of the human gut microbiota, with strong effects on metabolism (14) . Further investigations will be required to elucidate the role of specific microbial taxa changes in mediating the beneficial actions of a HPD. In addition, further studies with rats achieving equivalent fat mass loss to the HPD group through reduced calorie intake are required to determine to what extent the physiological changes observed in the present study are related to the HPD itself rather than the metabolic shifts that occur during a period of fat mass loss.
With regard to previous and present convergent evidence demonstrating that obesity and/or high-fat diet are associated with inflammation in the brain, studies on HFD-induced neuroinflammation in the brains of obese humans are still sparse (57) . This topic has attracted little attention in the obesity literature (25) despite evidence that chronic neuroinflammation may be relevant to the development of brain atrophy in obese patients (62, 69) . Atrophy and neuroinflammation in the brains of obese individuals may not be easily reversed, at least not by diet management.
